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Introduction
In the past decade, nanoparticles (NPs) have been used more and more in research and in industry, which has raised questions about the potential toxicity of such materials. Nanomaterials are used in various fields including drug delivery, electronics, therapeutics, cosmetics, water treatment technology, environmental remediation and paint components. Due to these applications, many varieties of NPs are being industrially produced in massive amounts. These NPs are discharged into the environment during their life cycle or via nanomaterial-containing wastes. This waste or contamination may provide a path of entry into the food chain via microorganisms and/or eventually disturb the ecological balance. NPs are naturally present in the environment, e.g. in volcanic dusts in the atmosphere or as nanometerscale particles from soil erosion. Ecosystems have evolved with these NPs for million years and organisms are adapted to them. By contrast, manufactured NPs released into the environment are new components that have arrived in significant amounts. Microorganisms, including bacteria present in the natural ecosystem, are among the primary targets that are exposed to NPs.
NPs are highly reactive and catalytic in nature compared to their ions or bulk counterparts (see [1] for review). They exhibit toxicity to living organisms mainly because of their small size, large surface-to-volume ratio and highly reactive facets. Because of their distinct properties compared to their corresponding ions or bulk material, NPs can lead to unpredictable effects on biological systems. TiO 2 and ZnO NPs are commonly used in sunscreens and other personal care products, paints, electronic devices and solar cells because of their optical, piezoelectric, magnetic and gas sensing properties, which leads to the release of these NPs into environment via industrial and domestic waste. Thus, it is very important to evaluate their environmental impact using one of the first pathways of entry into the ecosystem, bacteria. Bacillus subtilis, the Gram-positive bacterium, can be isolated from a wide range of environments, both terrestrial and aquatic, suggesting that this species is ubiquitous and broadly adapted to grow in diverse settings within the biosphere [2] [3] [4] . This bacterium is known to have a highly versatile metabolism, which can quickly and easily adapt to numerous environmental modifications. Every modification due to the presence of toxic elements such as NPs will impact its physiology [5] [6] [7] . This property is one of the reasons explaining why this bacterium has been found in many biotopes in which it has genetically evolved to obtain the best possible fitness. One of the natural biotopes of this bacterium is the upper layer of soil where it can modify the growth of some vegetal species by modulating the carbon and nitrogen cycles surrounding the roots. It has been isolated from the rhizosphere of a variety of plants in greater numbers than most other spore-forming bacteria [8] [9] [10] [11] . Considering that Bacillus subtilis is found on and around plants and that many animals consume plants, it is no wonder that this bacterium is often found in gut or in feces [12] [13] [14] [15] . The passage of Bacillus subtilis through the gastrointestinal tract may not be without effect. However, Bacillus subtilis is a ubiquitous organism, not solely a consequence of spore persistence in these environments, but also because of its capacity to grow in diverse environments including soils, plant roots and the gastrointestinal tract of animals. The presence of NPs in the environment in an increased concentration will have significant consequences on Bacillus subtilis metabolism, which will also impact the physiology of surrounding organisms in the plant and animal kingdoms.
Most of the analysis performed on the effect of NPs on bacteria have only studied the antibacterial properties of NPs [16] [17] [18] [19] . Some studies have also shown effects on membrane disorganization [20] , the production of reactive oxygen species (ROS) [21] [22] [23] or the production of exopolysaccharide [24] , as well as altered enzyme expression profiles [25] . We are the first to study the metabolic effects of NPs on Bacillus subtilis using a proteomic approach. Despite a significant effect on viability, TiO 2 NPs had no detectable effect on the proteomic pattern, while ZnO NPs and ZnSO 4 salt significantly modified central metabolism and the stringent response of Bacillus subtilis.
Experimental procedures

Bacterial strain and culture media
The Bacillus subtilis strain used was the 168 strain (trpC2, wild type) (personal gift, Maria Laaberki). The medium was LB: 10 g/l tryptone, 5 g/l yeast extract and 5 g/l NaCl supplemented with 12 g/l agar when necessary. Cells were grown in Erlenmeyer flasks with shaking at 200 rpm at 37°C.
The nanoparticles were from SIGMA: TiO 2 (ref 700347, mixture 80:20 of anatase and rutile, 33-37 wt.% in water, <150 nm volume distribution, DLS, (dynamic light scattering)), and ZnO (ref 721077, 50% in water, <100 nm by DLS) were already purchased as water dispersions. Their principal features have been described elsewhere [26] and [27] in press.
Nanoparticles stresses
Cells were grown in LB medium (250 ml) in Erlenmeyer flasks. When the OD 600 reached 0.6, 50 ml of the culture was transferred to a new Erlenmeyer flask, and the cells were incubated without for the control and with 130 g/ml TiO 2 , or 170 g/ml ZnO or 0.3 mM ZnSO 4 for one hour under shaking at 37°C. Then, aliquots (100 l) of the samples were diluted in H 2 O and appropriate dilutions were plated onto LB agar, and incubated overnight at 37°C. The CFUs were counted and the viability was determined. At the same time, the remaining 50 ml was harvested by centrifugation at 5000 rpm for 15min at 4°C. The pellet was washed twice with 50 ml of PBS and then frozen at -20°C until used. For the metabolic assays, the sample was separated in 2 or 10 ml aliquots before harvest by centrifugation. The pellet was frozen in liquid N 2 . All experiments were performed in triplicate and at least two technical replicates from each dilution were plated to determine the number of CFUs.
DLS measurements
Nanoparticles were diluted in three different solutions just before measurement with the DLS (dynamic light scattering) apparatus (Wyatt technology): H 2 O, LB medium or preconditioned LB medium. The preconditioned LB was prepared as follows: Bacillus subtilis strain 168 was grown in LB until an OD 600 of 0.6. Then, 2 ml of culture was harvested by centrifugation at 13,000 rpm for 10 min. The supernatant was filtered through a 0.2 m filter. The filtered solution constituted preconditioned LB. Each measurement was performed at least in triplicate.
Sample preparation of the cytosolic crude extract for 2D-gel electrophoresis experiments
The frozen pellets were resuspended and incubated in 225 l of lysis solution containing 200 l of TES buffer (10 mM Tris, 1 mM EDTA, 0.2 M sucrose) + 20 l of 30 mg/ml lysozyme, and 5 l of 1/50 benzonase solution for 20 min at 37°C. The samples were sonicated in a water bath for 5 min. Next, 6 l of 20% SDS and 80 l of 1 M DTT were added before incubation at 100°C for 5min. The lysis was achieved by sonication in a water bath for 5 min. Finally, 800 l of rehydration solution (7 M urea, 2 M thiourea, 4% CHAPS, 0.4% carrier ampholytes (Pharmalytes 3-10) and 100 mM dithiodiethanol [28, 29] was added. Each sample was quantified after separation by SDS-PAGE and staining: known quantities (10, 20 and 30g) of total protein extracts and two dilutions of cytosolic crude extract extracts were separated on the same gel. Proteins were stained with colloidal Coomassie blue [30] (data not shown).
2D-gel electrophoresis
IEF: Homemade 160 mm long 4-8 or 3-10.5 linear pH gradient [31] gels were cast according to published procedures [32] . Four millimeter-wide strips were cut and rehydrated overnight with the sample, diluted in a final volume of 0.6 ml of rehydration solution and 100 mM dithiodiethanol [28, 29] .
The strips were then placed on a Multiphor plate and IEF was carried out with the following electrical parameters: 100 V for 1 hour, then 300 V for 3 hours, then 1000 V for 1 hour, then 3400 V up to 60-70 kVh. After IEF, the gels were equilibrated for 20 minutes in 125 mM Tris, 100 mM HCl, 2.5% SDS, 30%glycerol and 6 M urea. Gels were then transferred on top of SDS gels and sealed with 1% agarose dissolved in Tris 125mM, HCl 100mM, SDS 0.4% and 0.005% (w/v) bromophenol blue.
SDS electrophoresis and protein detection: 10% T gels (160x200x1.5 mm) were used for protein separation. The Tris taurine buffer system was used at an ionic strength of 0.1 and a pH of 7.9 [33] . The final gel composition was 180 mM Tris, 100 mM HCl, 10% (w/v) acrylamide and 0.27% bisacrylamide. The upper electrode buffer was 50 mM Tris, 200 mM taurine and 0.1% SDS. The lower electrode buffer was 50 mM Tris, 200 mM glycine and 0.1% SDS. The gels were run at 25 V for 1 hour, then at 12.5 W per gel until the dye front had reached the bottom of the gel. Detection was carried out by fast silver staining [34] .
Image analysis: Image analysis was performed with Delta2D software (v.3.6) (Decodon, Germany). Briefly, three gel images arising from three different cultures and protein preparations were warped for each group onto a master image, one for the culture in LB (control without nanoparticles or salt) and one for each stress condition (TiO 2 , ZnO nanoparticles and ZnSO 4 salt). The control master gel image was then warped onto each stress condition master gel image and a union fusion image of all the gel images was then made. Detection was carried out on this fusion image, and the detection results were then propagated to each individual image. The resulting quantification table was then analyzed using the Student's t-test function in the software, and the spots having both a p-value lesser than 0.05 and an induction/repression ratio of 1.5 or greater were selected for further analysis by mass spectrometry after being manually verified. For the global analysis of the power and reproducibility of the experiments, the Storey and Tibshirani approach was used [35] , as described by Karp and Lilley [36] (Supplementary Figure S2) .
The spots of interest were excised from a silver staining gel by a scalpel blade and transferred to a 96-well microtitration plate. Destaining of the spots was carried out by the ferricyanidethiosulfate method [37] on the same day as silver staining to improve sequence coverage in the mass spectrometry analysis [38] .
Mass spectrometry
Analysis was carried out essentially as described previously [39] , except that only the nanoLC-QTOF-MS system was used for nanoLC-MS/MS analysis and the version of the UniProtKB/SwissProt database was 2012_12 (538,585 sequences) for protein identification. The detailed protocol can be found in the supplementary data (S1).
Crude extract preparation for enzymatic and biochemical (SH, CoA, ppGpp) assays Cells pellets were obtained from 10 ml aliquots of Bacillus subtilis strain 168 cultures grown with or without stress, as described above. Cells were incubated in a 200 l final volume of 20 mM phosphate buffer (pH 7.4) containing 15 l of 30 mg/ml lysozyme and 4 l of 1/50 benzonase solution for 20 min at 37°C. This was then centrifuged at 13,000 rpm at 4°C for 10 min. Total protein quantification was performed using the Bradford assay.
Malic enzymes activity assay
NAD(P)H malic enzyme assays were performed as previously described [40] . Briefly, crude extract supernatants were obtained as described above and stored on ice until malic enzyme assays were performed. Total protein quantification was performed using the Bradford assay.
Malic enzyme activities were measured by spectrophotometrically monitoring at 340 nm, i.e. NAD(P)H formation during the reductive decarboxylation of malate (malate+ NAD(P)=pyruvate+ NAD(P)H). The reaction mixture was composed of 10 l of an appropriate dilution of crude extract supernatant in 1 ml of buffer (50 mM Tris HCl pH 8, 10 mM MgCl 2 , 10 mM MnCl 2 , 50 mM KCl and 10 mM thioglycerol). The reaction was started by the addition of 5 mM of NAD + or NADP + . The specific activity was calculated using the initial rate data normalized by the total protein quantity.
SH assay
Crude extracts were obtained as described above. Aliquots of the crude extract were used to measure the total protein quantity using the Bradford assay and the total sulfhydryl groups (total SH). To measure the free sulfhydryl groups, proteins of the crude extracts were precipitated with 10% TCA for one hour on ice, harvested by centrifugation (13,000 g, 5 min). Free SH was measured in the supernatant. SH concentrations were determined spectrophotometrically as follow: 20 l of the crude extract or 100 l of the supernatant were mixed in 1 ml of 30 mM Tris HCl pH 8, 3 mM EDTA, 1.5 mM DTNB and 40% ethanol, then incubated one hour at room temperature before measuring the optical absorbance at 412 nm.
CoA assay
Coenzyme A concentrations were determined using the Coenzyme A assay kit from SigmaAldrich; 40 l of crude extracts were used for each tested condition. CoA concentrations were normalized by the protein concentrations measured by the Bradford assay.
Catalase activity assay
A 10 ml volume of bacteria grown until 0.6 OD 600 were stressed with 130 g/ml TiO 2 , 170g/ml ZnO, 0.3mM ZnSO 4 or 5mM H 2 O 2 for one hour under shaking at 37°C. Bacteria were then pelleted by centrifugation at 6,000 rpm for 10 min. The pellets were washed with 1 ml of PBS and centrifuged (13,000 rpm, 5 min). The pellets were finally resuspended in 8 ml of PBS. The catalase activities were immediately determined on cells using a Clarke-type electrode (Hansatech, Kings Lynn, UK), as described by Rorth and Jensen [41] . The specific activities were calculated as the number of generated O 2 moles/min/CFU.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
Shimadzu ICP 9000 (with Mini plasma Torch in axial reading mode) was used to measure the zinc content. Standard solution for AAS (Sigma Aldrich) was used to generate the calibration curve between 10 to 500 µg/L in pure water with 1% of HNO3 (Fluka). Samples were routinely incubated in HNO3 10% ON at RT. Briefly, 500µl of each cytosolic crude extract was incubated with 90µl of HNO3 65% ON at RT. The sample was centrifuged at 13,000 rpm for 5 min. Before to be measured pure water was added to the supernatant extemporaneously to obtain a final volume of 7 ml. Ytterbium solution standard for AAS (Sigma Aldrich) was used as an internal standard to prevent calibration drift and fluidic perturbation. The result was express in µg/L [Zn] per mg of protein.
ppGpp assay
The ppGpp content was measured as previously described [42] , using an on-off fluorescent probe. ppGpp extraction was performed on crude extracts of Bacillus subtilis obtained as described above (growth in LB medium as the control and LB medium with a stress agent (130 g/ml TiO 2 , 170 g/ml ZnO, 0.3 mM ZnSO 4 or 1% norvaline). Aliquots of the crude extract were used to measure the total protein quantity using the Bradford assay. The same quantity of each crude extract was precipitated with 10% formic acid for one hour one ice and cleared by centrifugation. The pH of the supernatant was adjusted to 7.4 by the addition of Nethylmorpholine (130 l for a sample of 200 l).
Fluorescent probe preparation: 3 M of oligonucleotide DNA (5'-GGC AGG TTG GGG TGA CTA AAA ACC CTT AAT CCC C-3') and 90 l of freshly prepared 1 mM silver lactate (Fluka BioChemika) were first mixed in 20 mM phosphate buffer (pH 6.6) for 5 min in a final volume of 1 ml, and kept protected from light at room temperature. After 20 min, 90 l of freshly prepared 1 mM NaBH 4 (Sigma-Aldrich) was quickly injected, thoroughly mixed, and the mixture was kept in the dark without further disturbance at 4°C overnight. 
Results
NPs sizes in growth medium and cell viability
Nanoparticles suspensions of TiO 2 and ZnO were diluted in H 2 O, LB medium or preconditioned LB medium before measurements with a DLS apparatus (Figure 1a,b) . DLS measurements revealed that the different media modified the diameter of both nanoparticles. The TiO 2 NP diameter was increased in LB medium, preconditioned or not, compared to their size in H 2 O. Nevertheless, the preconditioned medium decreased the diameter of TiO 2 NPs compared to the LB medium. ZnO NPs diameter was decreased in both LB and preconditioned LB compared to the H 2 O dilution, which may be explained by partial dissolution of the NPs [43] . DLS measurements of TiO 2 and ZnO suspensions in the different media performed over time (up to one hour) after mixing showed no significant differences with the initial values (data not shown).
Different dilutions of TiO 2 and ZnO NPs (from 10 -1 to 10 -4 mg/ml) and ZnSO 4 (from 0.03 to 0.5 mM) were investigated on Bacillus subtilis growth ( Figure S3 ). 130 g/ml TiO 2 , 170 g/ml ZnO and 0.3 mM ZnSO 4 were chosen because at these concentrations no major alteration of the growth curves. In these conditions, the viability levels were around 50% after one hour of treatment ( Figure 1c ). Such viability allowed for obtaining sufficient numbers of stressed, but not dead, cells to perform 2DE analysis.
Differential patterns of protein synthesis in the presence of TiO 2 and ZnO NPs and ZnSO 4
In order to investigate the effects of NPs on the protein pattern, 2D protein gels of equal amounts of protein crude extract, from three independent cultures, were carried out. The gels were silver stained and analyzed with Delta 2D software: protein patterns from the crude extracts obtained after growth in LB medium were compared with the protein patterns of crude extracts obtained after growth in the presence of NPs or ZnSO 4 . Despite a mortality of 40% after the addition of 130 g/ml of TiO 2 for one hour, no significant difference was detected between the protein pattern from bacteria grown in LB medium and TiO 2 stressed bacteria (Figure 2a,b) . In contrast, Delta 2D software analyses of the protein patterns of cells grown in the presence of ZnO NPs or ZnSO 4 highlighted 23 spots (Figure 2a,c,d ), which were differentially expressed by a factor equal to or greater than 1.5 with a p-value lower than 0.05 in a two-tailed t-test. With the exception of YqjI, all highlighted spots showed the same profile in the presence of ZnO NPS and ZnSO 4 ( Table 1 ). The proteins were identified by mass spectrometry. Proteins affected by ZnO NPs or ZnSO 4 stress were assigned to two main classes: proteins related to central metabolism and proteins related to the stringent response.
Metabolic reorientations
Pentose pathway and TCA shift: twelve modulated proteins were related to central metabolism: MetE and MccB are related to cysteine metabolism, OdhA, AspB, IolD, AnsB, PdhB and YtsJ to the Krebs cycle and XylA, YqjI, Drm and Tal to the pentose phosphate pathway (PPP) (Figure 3 ). The two main enzymes involved in the oxidative branch and the non-oxidative branch of the PPP, YqjI and Tal, respectively, were increased after the addition of ZnO NPs or ZnSO 4 . The non-oxidative branch converts ribose-5-phosphate back to glucose-6-phosphate, the substrate for the oxidative branch. The Tal enzyme, which catalyzes the reversible transfer of a dihydroxyacetone moiety derived from fructose-6-phosphate to Derythrose-4-phosphate, forming D-sedoheptulose-7-phosphate and releasing D-glyceraldehyde-3-phosphate, is a rate-limiting enzyme in the non-oxidative branch of the pathway in eukaryotic cells [44] . Via the oxidative branch, the pentose phosphate pathway is responsible for the generation of NADPH, which contributes to cellular defenses against oxidative stress. YqjI, which is the principal 6-P-gluconate dehydrogenase [45] , was the only spot showing different profiles with ZnO NPs and ZnSO 4 ; its intensity increased in the presence of ZnO and was not significantly modified by ZnSO 4 . The second main metabolic effect of ZnO NPs and ZnSO 4 was a reorientation of the Krebs cycle; the enzymes YtsJ, AspB and AsnB were significantly increased while OdhB was decreased. The activity of YtsJ, a malate dehydrogenase, described to function with both cofactors NAD or NADP [40, 46] , measured in the different crude extracts, was increased in all stressed conditions (Figure 4a,b) . These modifications in expression lead to a partial shunt of the Krebs cycle in the part from -ketoglutarate to malate, in a way to increase the production of NAD(P)H and to release free CoA-SH in response to stress induced by ZnO NPs or ZnSO 4 ( Figure 3 and Figure 4a ,b).
Thiol metabolism: MetE and YrhB enzymes are involved in cysteine metabolism in opposite ways: MetE catabolizes the synthesis of methionine and YhrB catabolizes the synthesis of cysteine ( Figure 5 ). Their expressions were also modified in opposite ways in the presence of ZnO NPs or ZnSO 4 salt: YrhB was increased and MetE was decreased ( Figure 5 , Table 1 ). The modifications in MetE and YrhB expression and the reorientation of central metabolism let us infer an increase in cysteine and CoA-SH concentrations in the cell under stress conditions (ZnO NPs and ZnSO 4 salt). The CoA-SH concentration on one hand and the ratio of free sulfhydryl groups/protein-bound sulfhydryl groups on the other were therefore measured in the presence or absence of NPs or Zn salt stress (Figure 4c,d) . The proportion of free sulfhydryl was significantly increased in the presence of ZnO NPs and ZnSO 4 , whereas the CoA-SH concentration was increased in all stress conditions, ZnO and TiO 2 NPs and ZnSO 4 . Bacillus subtilis possesses three main low molecular weight (LMW) thiols, CoA-SH, cysteine and bacillithiol. Ma and colleagues [47] showed that bacillithiol is the major buffer of labile zinc in Bacillus subtilis, so most of the increase in free thiol in the presence of ZnO NPs and ZnSO 4 was probably the result of an increase in bacillithiol. The increasing of free intra cellular thiols following a stress with ZnO or Zn salt, was probably the consequence of an increasing of intracellular [Zn] , in a concentration exceeding the physiological concentration. The intra cellular [Zn] was measured in all conditions. Figure 6b shows that in presence of Zn, nanoparticles or salt, the intracellular [Zn] was increased by four to six-fold, respectively.
The LMW thiols, in particular bacillithiol, are often described to play roles in the protection of cells against a variety of stresses, including oxidative stress [48] [49] [50] [51] [52] . To test the hypothesis of oxidative stress induction by ZnO NPs or ZnSO 4 , catalase activity was measured in all conditions. Figure 6a shows that catalase activity was unchanged in the presence of TiO 2 NP, but increased by two-fold in the presence of ZnO, by four-fold in the presence ZnSO 4 and by three-fold in the presence of H 2 0 2 compared to the levels in control bacteria grown in LB medium. Taken together, the protective role of LMW thiols, the probable increase in NAD(P)H and the increased activity of catalase suggest that ZnO NPs and ZnSO 4 induce oxidative stress and/or thiol chelation stress in Bacillus subtilis.
Stringent response
The other main pattern affected by ZnO and ZnSO 4 was the stringent response. Nine proteins involved or controlled by the stringent response had their expression profile modified in the presence of ZnO NPs or ZnSO 4 : YwaC, SigH, YtxH, YtzB, TufA, RplJ, RpsB and Mbl ( Figure 2 , Table 1 ). SigH is a sigma factor that controls the transcription of many genes involved in the transition from exponential growth to the stationary phase, including the initiation of spore formation and entry into the genetic competence state. Tam Le and collaborators [53] , Eyman and coll [54] have shown that sigmaH activity and the stringent response are linked.
YwaC is a GTP pyrophosphokinase that catalyzes the synthesis of ppGpp, the alarmone produced during the stringent response in response to number of nutritional or environmental stresses [55] [56] [57] [58] . Bacillus subtilis possesses three ppGpp synthases: RelA, YjbM and YwaC. RelA is a bifunctional enzyme that synthesizes and hydrolyses ppGpp, while YjbM and YwaC are only ppGpp synthases. In the presence of ZnO NPs or ZnSO 4 , the expression of YwaC was increased by seven-fold. At the same time, the expression of several proteins known to be negatively or positively regulated by the stringent response was modified: YtxH, TufA, RpsB were increased and YtzB, RplJ and Mbl were decreased. YjbM, which presents a similar pI and MW as YwaC, was not detected among the spots as having undergone a modification in expression. As YwaC is a ppGpp synthetase, the ppGpp concentration was measured in the different crude extracts. In the presence of ZnO NPs, ZnSO 4 and norvaline, the proportion of ppGpp was significantly increased (by 1.8, 2.1 and 1.8-fold, respectively) while it was unchanged in the presence of TiO 2 ( Figure 6b ) compared to the cells grown in LB medium without any stress.
Discussion
The proteomic analysis of Bacillus subtilis in the presence of nanoparticles or of the corresponding metallic ions showed that, despite 40% mortality, TiO 2 NPs led to no significant modification in the protein pattern, while ZnO NPs and ZnSO 4 led to important modifications in cell physiology. TiO 2 had no detectable effect on the Bacillus subtilis proteome, but although the free SH ratio was unchanged, Figures 4c and 4d show a significant increase in CoA-SH and sporulation after TiO 2 incubation, respectively. These observations led us to suppose that TiO 2 nanoparticles induce a stress which is not an oxidative stress leading to an increased expression of catalase, but to which cells probably respond via the activation of sporulation and of some parts of the oxidative stress pathway response, through not in a way detectable via 2D gels analysis.
Oppositely ZnO nanoparticles and ZnSO 4 salt induce marked responses in bacteria: the opposite response to that caused by TiO 2 considering obvious stress with metabolic reorientation and activation of the stringent response. The presence of Zn in the form of NPs or salt induced reorientation of central metabolism in a way to protect the cell by the production of NAD(P)H and free thiols. The diversion of methionine sulfur to cysteine is hypothesized to increase the concentration of low-molecular weight biothiols, in particular bacillithiol, which serves to maintain the reduced environment of the cytoplasm and/or to generate mixed disulfides in order to protect protein thiols from irreversible oxidation [59] . Moreover, cysteine is a substrate for the synthesis of CoA and very likely a substrate for the production of bacillithiol [50] . ICP assays have shown that [Zn] intracellular was significatively increased after a stress with the ZnO nanoparticles or Zn salt. The effects observed with Zn led us to suppose that ZnO nanoparticles are dissolved, the Zn salt enter into the cell and thus disturb cell homeostasis. Zn is redox-inert but has a high affinity for the side chains of Cys, Asp, Glu and His. Naturally, Zn binds proteins at structural sites or at the catalytic site of enzymes. When metal ions exceed their physiological concentration, they bind to enzymes, leading most of the time to their inhibition [60, 61] . In most of the studied enzymes, Zn bound to cysteine thiols, which are involved in the structural or catalytic site. This binding to cysteine has two consequences on cell metabolism: first, it modifies the balance between free cysteines and disulfide bridges involved in combating oxidative stress [60, 62] and second, it impedes central metabolism by the inactivation of several enzymes belonging to the TCA, glycolysis, the pentose phosphate pathway or respiration. In hepatocytes, aconitase, alpha-ketoglutarate dehydrogenase, isocitrate dehydrogenase-(NAD + dependent), succinate dehydrogenase and cytochrome C oxidase are severely inhibited by Zn [63] . In Saccharomyces cerevisiae, Zn accumulation affects the correct [Fe-S] cluster assembly of aconitase, leading to inactivation of the enzyme [64] . In Escherichia coli, Zn ions strongly inhibit succinate dehydrogenase [65] and modulate the activity of several enzymes of central metabolism, e.g. enolase, cysteine synthase, serine hydroxymethyltransferase, phosphoglyceromutase, malate dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase [66] . In some reports, the role of Zn ions has been correlated with modifications in detoxification activity by glutathione or modulation of thiol-related enzymes such as thioredoxin reductase. In Bacillus subtilis, Ma and collaborators [47] and Eide [67] showed that an excess of Zn is mainly buffered by low molecular weight bacillithiol. In our work, we observed an increasing production of free thiols and a reorientation of the Krebs cycle. In this latter pathway, the following enzymes: -ketoglutarate dehydrogenase, succinyl-CoA synthetase and succinate dehydrogenase were shunted in the presence of Zn NPs or ions. Zn ions are already known to inhibit two of these, -ketoglutarate dehydrogenase and succinate dehydrogenase, in eukaryotes and prokaryotes. To circumvent this problem, bacteria used the amino acids present in the LB medium to shunt the inhibited steps. AspB is used to convert aspartate and -ketoglutarate into glutamate and oxaloacetate. AnsB is used to produce fumarate directly from aspartate. Moreover, as Zn also inhibits pyruvate production from glycolysis, YtsJ produces the necessary pyruvate from malate originating from the AsnB-FumC pathway. This shunt leads to an increasing concentration of NADH and free CoA-SH. Both NAD(P)H and free thiols (CoA-SH, Cys and bacillithiol) are known to be produced in response to oxidative stress. Even though no specific protein of oxidative stress, such as PerR or OhrR, was detected by the proteomic approach, metabolism reorientation (Krebs cycle and Cys production) seems to be the result of oxidative stress, which is the consequence of the modification of the free thiol homeostasis in response to the presence of an excess of ZnO and ZnSO 4 . However, as CoASH and NADP(H) are also involved in fatty acid metabolism and as FabL was found to be regulated in the proteome, we can not rule out an effect on fatty acid metabolism.
The second main pattern affected by the presence of ZnO and ZnSO 4 was the induction of the stringent response via the ppGpp synthase YwaC. The production of the ppGpp "alarmone" may be the result of the activity of RelA, and/or YwaC and/or YjbM [55] [56] [57] [58] . ppGpp is synthetized by the cell following nutrient starvation to switch off all reactions appropriate for growing cells such as ribosome synthesis, but it is also involved in the induction of RpoS, which controls the general stress and starvation response in Gram-negative bacteria [68] . In most Gram-positive bacteria, three genes coding for ppGpp synthase have been found. The most studied is the relA gene coding for the bifunctional protein RelA, a ppGpp synthase and hydrolase enzyme. The role and condition of expression of YjbM and YwaC is less known. YwaC has been shown to induce the transcription of yvyD via the sporulation-specific factor SigH. Proteomic analysis of the stringent response using a relA mutant and DL-norvaline to induce the stringent response [69] has shown that RplJ, TufA, RpsB and Mbl are negatively regulated by the stringent response while YtzB and YtxH are positively regulated by the stringent response. All of these regulations are at least partially under the control of RelA [69] . Under our conditions, the expression of YtzB, TufA and RpsB was modified in the opposite way compared to the data obtained by Eymann and colleagues [69] . YtxGHI is also under the control of  H . However, ppGpp is the main player of the stringent response. Grampositive bacteria have at their disposal three ppGpp synthases, which are probably differentially expressed in response to various stimuli. YwaC has already been shown to be activated under salt, heat and EtOH stresses, independently of the stress response regulator SigB [70] . The induced expression of YwaC in a triple relAywaCyjbM mutant caused growth arrest in LB medium [57] , probably due to a decrease in intracellular GTP, while the expression of YjbM in the same mutant background had no effect. Moreover, the expression of YwaC in the triple mutant drastically modified the transcriptome profile of the cell. All these observations led us to suppose that YwaC has a particular and fundamental role when Bacillus subtilis has to combat an environmental stress. The cell activates the stringent response to survive not only to amino starvation but also to chemical or physical stresses. Interestingly, it is more and more apparent that the stringent response is involved in the regulation of stress as well as in virulence or pathogenic processes [71] [72] [73] [74] .
Gram-positive bacteria can activate different pathways to respond to stress: the general stress pathway, the stringent response or the activation of sporulation (for sporulating bacteria). In the case of ZnO nanoparticles and ZnSO 4 , the expression of SigH was decreased. Spo0H is the first sigma factor in a gene expression cascade involving a total of five factors, including spo0A, which leads to the formation of heat-resistant spores in Bacillus subtilis [54] . Spo0A is repressed by the stringent response via RelA [69] . Contradictorily, Ochi and colleagues [75] have shown that sporulation is induced by the stringent response, probably as an indirect effect due to the decrease in GTP. Mirouze and colleagues [76] have shown that the triple ppGpp mutant exhibits a delay in sporulation. Clearly, ppGpp plays a central role in the induction of sporulation, which may depend on the growth conditions. But more than its presence (or absence), its concentration and in parallel GTP availability fine-tune sporulation and the cell response to stress. CodY and stringent response are intimately linked in different Gram-positive bacteria [58, [77] [78] [79] . In Staphylococcus aureus, Schoenfelder and colleagues [80] have shown that CodY and the stringent response regulate methionine biosynthesis. Considering the complex roles of CodY, the stringent response, and SigH in the response to stress demonstrated by proteomic analysis, we could speculate that the metabolic reorientations observed in response to Zn stress are the result of a complex regulation mechanism including at least the stringent response via YwaC, the SigH regulator and perhaps CodY.
Here, we have demonstrated that the presence of ZnO nanoparticles induces a stress that bacteria fight via large modifications of the metabolism. Similar observations have already been described by Hsueh and collaborators [81] , who have demonstrated that ZnO nanoparticles affect the viability of Bacillus subtilis through the inhibition of cell growth, cytosolic protein expression and biofilm formation. Our study is a first step to understand, at a physiological level, the long-term adaptation of a gram-positive bacteria in response to nanoparticles. Bacillus subtilis is an ubiquitous bacteria which can grow in very different environments such as the upper layer of soil, marine sediment or mammalian gut. In all these places, Bacillus subtilis can adapt very rapidly its metabolism to survive to strong modifications of its environment [7] and it also interacts with, and contributes, to the growth of numerous biological organisms via the secretion of biopolymers e.g. lipoprotein, protease or DNA in the rhizosphere [82] . Nanoparticles are more and more used in industrial process and in everyday consumer products (solar screen, paint or medicine) [83, 84] . This uncontrolled consumption induces an increasing amount of nanoparticles released in the environment. Nanoparticles contaminating the soil have direct cytotoxic, phytotoxic and genotoxic effects on plant physiology [85] [86] [87] [88] . Modification of the bacteria metabolism also impacts indirectly the plant physiology via the plant-bacteria interaction. Moreover, the physico-chemical characteristics of the medium, as the soil for the plant, influence the effect of nanoparticles on its biological surrounding [89] . For example, nanoparticles have a nonnegligible effect on the symbiotic process necessary for an optimal growth of plants by modifying, for example, the exchange of metal at the root level [90, 91] or nitrogen fixation, or the root structure [92] . Understanding the effect of nanoparticles on bacteria physiology leaving in symbiosis with plants will allow thinking ahead potential consequences of such contamination on the evolution of the ecosystem [93] and will give forceful arguments for a better management of nanoparticles wastes.
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Figure 1: DLS and viability measurements
DLS measurements using a Wyatt Dynapro Nanostar instrument of (a) TiO 2 and (b) ZnO nanoparticles in different freshly prepared solutions: white for H 2 O, grey for LB medium, black for conditioned LB medium (see Materials and Methods). (c) Viability measurements: all the assays were performed in triplicate with at least two technical replicates. The viability frequencies were normalized by the value obtained with the control. Normalized viability frequency of the control (LB) and the bacteria stressed with TiO 2 , ZnO or ZnSO 4 are respectively represented in black, dark grey, soft grey and white histograms. Error bars ± 1SD (n ≥ 3). Asterix * and ** indicate significant differences p < 0.05 and p < 0.006, respectively. Enzymes highlighted in red and blue are proteins with an increase and decreased expression in presence of Zn stresses (see Table 1 ). 
